ABSTRACT Because avian uncoupling protein (avUCP), melanocortin 3 receptor (MC3R), melanocortin 4 receptor (MC4R), and pro-opiomelanocortin (POMC) genes may be associated with production traits [e.g., BW, weight gain (WG), and feed conversion ratio (FCR)], male and female broilers from an elite broiler line were screened for polymorphisms in these genes. The PCRrestriction fragment length polymorphism (RFLP) tests were developed to type the missense polymorphisms UCPAla118Val, MC4RSer76Leu, MC3R-Met54Leu, and Gly104Ser and POMCPro61Leu. Of 39 single nucleotide polymorphisms identified in all 4 genes, 24/39 were transitions with 11 having a C to T change. Of the 23 polymorphisms in UCP, 17 represented at least 7 haplotypes in this pedigreed broiler line. The UCP Ala118Val allele was associated with a) high feed efficiency (FE; P = 0.03) and WG (P = 0.053) in selected males, and b) high BW in selected females (P = 0.07) and unselected males (P = 0.015). The UCPVal118Val allele was found in approximately 10% of the birds that were screened. Five silent substitutions, 3 in MC3R and 2 in MC4R, were also identified. Thirteen polymorphisms were identified in the POMC gene representing at least 3 different alleles. A missense Pro61Leu heterozygote was associated with greater BW in females. The heterozygote MC3R Gly104Ser polymorphism was associated with greater FE in selected males (P = 0.03) and greater BW in unselected males (P = 0.007). The MC4R Ser76Leu heterozygote polymorphism was associated with greater BW than the Leu76 homozygote in females (P = 0.05). From these findings, we hypothesize that UCP, MC3R, MC4R and POMC genes may play important roles and could be candidate loci for production traits such as feed conversion and BW in commercial broiler breeding stock.
INTRODUCTION
Strategies in commercial poultry breeding programs aim to increase feed efficiency, growth rate, and BW; decrease abdominal fat; and have low production costs. Molecular characterization of genes regulating the production traits can be useful for genetic improvement of poultry. This involves identification of QTL involved in regulating economically important traits. The identified QTL can then be further characterized at the molecular level to detect single nucleotide polymorphisms (SNP) potentially associated with the production traits. These SNP can be used to design relatively easy, quick, and time-saving marker-assisted selection tests. The SNP are single base variations with a frequency of at least 1% and are primarily used as markers for genome-wide mapping and study of disease genes (Balasubramanian et al. 2005) . Polymorphisms in the protein-coding region are either synonymous (no change in amino acid) or nonsynonymous (results in an amino acid change). Whereas selection of advantageous nonsynonymous SNP may improve protein functionality, synonymous SNP have minimal effects on protein function (Sadee et al., 2001) .
Feeding behavior and BW are mainly regulated by the central melanocortin system (Wardlaw, 2001) . Several recent studies have established that proopiomelanocortin (POMC), a POMC-derived posttranslational modification peptide α-melanocyte stimulating hormone (α-MSH), and the brain melanocortin 3 and 4 receptors (MC3R, MC4R) are all key players in the regulation of energy homeostasis and feeding behavior (Wardlaw, 2001) . The α-MSH functions to reduce appetite through its specific receptor, MC4R, present at high levels in the hypothalamus (Raffin-Sanson and Bertherat, 2001 ).
Considerable evidence has been collected indicating that POMC mutations are associated with obesity (Krude et al., 1998; Tao and Segaloff, 2003) . Obesity-related studies using transgenic and knockout mice models have unraveled important functions for MC3R and MC4R. Pharmacological evidence links the MC3R and MC4R to food intake (Tao and Segaloff, 2003) , whereas MC3R and MC4R activity has implications for energy expenditure (Williams et al., 2003) . In MC3R-deficient mice homozygous for knockout mutations of the MC3R gene, increased feed efficiency, but not increased feed intake (hyperphagia), was found to contribute to increased fat mass (Chen et al., 2000) .
All 5 receptor genes belonging to the MCR family have been isolated from birds (Takeuchi et al., 2003) . Chicken homologs of MC3R and MC4R display different tissue distributions from mammals. For example, MC3R is expressed exclusively in the adrenal gland and chicken MC4R in a wide variety of peripheral tissues as well as in the brain. Based on the coexpression pattern of MC3R and MC4R and POMC gene in tissues, it is hypothesized that avian melanocortins may serve as local mediators regulating a variety of functions in the brain and peripheral tissues as it does in mammals (Takeuchi et al., 2000 (Takeuchi et al., , 2003 . Results from studies on Japanese quail strongly indicate an association of melanocortin system with control of appetite comparable with the effects in mammals (Takeuchi et al., 2003) .
The uncoupling protein (UCP) is important for thermogenesis and proton leak (Collin et al., 2003) and the avian UCP (avUCP) homolog has been cloned and sequenced (Raimbault et al., 2001) . In mammals, the mitochondrial UCP1 that is expressed exclusively in brown adipose tissue is known to uncouple oxidative phosphorylation from substrate oxidation, resulting in heat production (nonshivering thermogenesis; Collin et al., 2003; Talbot et al., 2004) .
The unique expression of the avUCP in skeletal muscles of birds, as well as its upregulation after cold acclimation or its response to glucagons in birds (2 treatments inducing muscle non shivering thermogenesis), and its association with avian diet induced thermogenesis, support a role for avUCP in energy expenditure in birds (Raimbault et al., 2001) . Few studies have been conducted in chickens on mutation characterization and candidate association between mutations in avUCP gene and production traits. Recently, a SNP in the exon3 (T1316C) of the UCP gene was detected by PCR and restriction fragment length polymorphism (Liu et al., 2007) . This particular polymorphism was associated with muscle and fatness traits, indicating that the UCP gene may be a candidate locus or linked to a major gene that affects muscle and fat metabolism in chickens (Liu et al., 2007) .
Based on literature presented above suggesting that feed intake and feed conversion phenotypes in animals may be affected by certain SNP, characterization of such polymorphisms in UCP, MC3R, MC4R, and POMC genes that are intimately involved in regulation of feed intake and energy balance may be useful to help design rapid and easy marker-assisted selection tests in commercial poultry breeding. Therefore, the purpose of this study was 2-fold: 1) to identify polymorphisms that may affect gene function associated with feed intake and BW in POMC, MC3R, and MC4R, and 2) to design a PCR-RFLP test for genotyping purposes.
MATERIALS AND METHODS

Source of DNA
Blood samples from 825 birds belonging to a highly selected pedigreed commercial broiler line composed of populations in Table 1 . From a larger population subjected to grow out conditions, a smaller population was selected based on defined traits including feed conversion ratio (FCR, g of feed/g of gain) as decided by the broiler breeder company (Cobb-Vantress Inc., Siloam Springs, AR). The FCR for broilers in this study ranged from 1.19 to 2.02. Populations A, B 1 , and C were each a subgroup of a larger population and were tested for FCR. Population B 1 was selected from, and is a subset of, the larger population B. Blood samples from population A (males) were obtained in 2002, population B and B 1 (males) in 2003, and population C (females) in 2004. All populations were taken from the same pedigreed commercial broiler line. The DNA was isolated from whole blood using the QiaAmp DNA blood mini kit (Qiagen, Valencia, CA) or a modified rapid DNA extraction method of Bailes et al. (2007) . Blood samples were also obtained from White Leghorn (UCD 003) and a Red Jungle Fowl (UCD 001) to serve as a base reference for the broilers in this study.
Polymerase Chain Reactions
Primer sets 1 and 2 were used to amplify the entire UCP coding sequence consisting of 6 exons. The oligonucleotide PCR primers (Sigma-Genosys, St. Louis, MO) sets used are listed in Table 2 . A single primer set 5 amplified a 978-bp fragment containing the MC3R coding region. Primer set 8 amplified a 996-bp fragment containing the single exon MC4R region. Primer set 11 and 12 were used to amplify POMC exon 1 and 2, respectively. The PCR primers were designed using the GenBank chicken DNA sequence for UCP (accession no. AF433170), MC3R gene (accession no. AB017137), MC4R gene (accession no. AB012211), and POMC (accession no. AB019555). Twenty microliters of PCR reaction mixtures consisting of 75 to 100 ng of chicken genomic DNA in 1× PCR reaction buffer (supplied by the manufacturer), 1.5 mM MgCl 2 , 0.2 µM of each primer, 0.2 mM of each dNTP, Taq DNA polymerase Promega (Promega, Madison, WI) or Biolase (Bioline, Canton, MA) at a concentration of 1 unit/50 µL of the reaction mixture were prepared and amplified in a Techne GE-NIUS thermocycler (Techne, Cambridge Ltd., Cambridge, UK) with the following conditions: initial de-naturation at 94°C for 2 min, 35 cycles at 94°C for 30 s, 55°C for 1 min, 72°C for 1 min, and final extension step of 7 min at 72°C. For DNA sequencing and cloning, four to five 20-µL reactions of each DNA sample were pooled to isolate DNA.
Cloning
To confirm the heterozygotes obtained, DNA from 2 heterozygous birds amplified using primer set 4 for UCP, primer set 7 for MC3R, and primer set 8 for MC4R were subjected to cloning using the Invitrogen TA Cloning kit (Invitrogen Corp., Carlsbad, CA). A total of 12 clones for MC3R and 11 clones each for MC4R and UCP were sequenced using the sequencing primer set 13. Primer set 10 was designed from the sequence of the cloning vector provided in the Invitrogen TA Cloning kit.
Sequencing of Amplified Fragments
The PCR-amplified fragments were sequenced using primer sets 3 and 4 for UCP gene, primer set 5 and 8 for MC3R and MC4R, and primer set 12 for POMC gene (Table 1) in an automated sequencer 3100 genetic analyzer (Applied Biosystems, Foster City, CA) at the DNA Resource Center, University of Arkansas, Fayetteville.
DNA Sequence Analysis
Polymorphisms in each gene were detected by aligning the sequences obtained, with the respective chicken GenBank sequences using SeqMan and MegAlign in DNAStar software package. The heterozygotes at each missense polymorphism site as observed in the DNA fluorogram were confirmed by DNA cloning. A Jungle- 1 Broilers selected for FCR evaluation (population A, B 1 , and C) are selected based on certain number of defined traits from a larger group of birds from the commercial line (e.g., population B 1 is a subpopulation of B).
2 Body weight and FCR were obtained from 6 to 7 wk in population A and C and from 7 to 8 wk for population B 1 . Body weight was obtained in population B at 7 wk. fowl (UCD001) and a White Leghorn (UCD003) were sequenced to serve as a comparison with the broiler line in this study.
PCR-RFLP
All the PCR-RFLP were performed using primers and conditions as below and consisted of manufacturer's (New England BioLabs Inc., Ipswich, MA) 10× restriction enzyme buffer, 0.2 μg of purified BSA supplied by the manufacturer with 5 to 10 units/reaction of restriction enzyme (20 μL total).
UCP. Exon 3 region of UCP gene amplified using primer set 4 (Table 2) with the missense Ala118Val polymorphism was restriction-digested with HhaI restriction enzyme (New England BioLabs Inc.) for 1 hr/37°C.
MC3R. Primer sets 6 and 7 were used for specific amplification of the region in exon 1 containing the missense Gly104Ser and Met54Leu polymorphism, respectively. The PCR primer sequences were modified at the underlined base positions to create restriction sites as shown in Table 2 . A single T to A substitution was introduced in primer + MC3R1013 that created a PvuII restriction site corresponding to the Leu54 polymorphism whereby DNA having a Leu54 allele was expected to show on the gel as a fragment 22 bp shorter than the Met54 allele. A GT was changed to CA in the primer -MC3R1235 to create a PvuII site to act as a control. All PCR products were expected to cut with PvuII at this site and be 17 bp shorter than the uncut PCR product. The +MC3R288msp had a G changed to a C to create an MspI site in the sequence corresponding to the Gly104 allele. The Ser104 allele sequence does not have an MspI site and is not recognized by the restriction enzyme. The -MC3R519msp had an A changed to a G to create an MspI site. All PCR products with recognition site for MspI were expected to produce a fragment 13 bp shorter than the uncut PCR product. MspI or PvuII restriction enzymes were used at 2 hr/37°C. MC4R. Primer set 9 was used for specific amplification of the region in exon 1 containing the missense Ser76Leu. The primer sequences were modified to create TaqI restriction sites. In the +MC4R93taq, a G was changed to an A to create a restriction site that would cut in all PCR products and create a digested product 14 bp shorter than the uncut PCR product. In the -MC4R253taq, a G was changed to a T to create a TaqI cut site in the sequence corresponding to the Ser76 allele. The Leu76 allele sequence would not be recognized and thus not digested at this site. In this experiment, TaqI restriction enzyme was used at 1 hr/65°C. A PCR amplification of multiple specific alleles (PAMSA) test was designed using primer set 10 to screen the Gln18His mutation.
POMC. Primer set 12 was used for specific amplification of the region in exon 2 containing the missense Pro61Leu polymorphism. For the 782-bp fragment that was amplified, the sequence corresponding to the Pro61 allele digested by SmaI would create a fragment 105 bp shorter than the sequence corresponding to the Leu61 allele. The SmaI restriction enzyme for 1 hr/25°C was used to detect POMC polymorphism.
Electrophoretic Separation
For Sequencing. Amplified fragments for sequencing were separated on 0.8% 1× TAE agarose gel. The DNA was extracted from gel using using dialysis-filter paper method of Girvitz et al. (1980) or the Qiagen MinElute DNA extraction Kit (Qiagen).
For PCR-RFLP. The PCR-amplified fragments subjected to restriction enzyme digestion were separated on 1.65% Synergel (Diversified Biotech, Boston, MA), 0.7% SEA KEM LE Agarose (Bioresearch online, Erie, PA), and 1.65% Synergel equivalent to 4% Agarose; Sambrook et al.,1989) .
Statistical Methods
Data was analyzed using the Fit Model platform in JMP 5.0 Statistical Software, 2002 (SAS Institute Inc., Cary, NC). All results are expressed as means ± SEM. A P-value ≤ 0.05 was considered significant. The approach used to analyze the allele frequencies between the populations was to test a contrast among multinomial proportions for 2 populations using the normal approximation for the z statistic. This approximation is considered adequate if for each group, n*p1*p2, n*p1*p3, and n*p2*p3 are all greater than or equal to 5, where n is the group size and p1, p2, and p3 are the proportions of the 3 genotypes in the population from which the group was randomly chosen.
RESULTS
A global overview of variations in all genes identified a total of 39 nucleotide substitutions is shown in Table 3. Seventeen variations were detected in the UCP gene, 12 in POMC, and 5 each in the MC3R and MC4R genes. Nineteen SNP occurred in the coding region of the genes, of which 6 resulted in nonsynonymous changes (Table 3) . Most of the SNP were transitions (24/39, 61%), and 11 (46%) of the transitions were C to T change.
A total of 825 birds composed of male and female broilers from 4 different populations of the same commercial broiler line (Table 1) were screened for polymorphisms in genes associated with feed intake and energy metabolism; UCP, MC3R, MC4R, and POMC. The selection criteria for the feed conversion trials, as decided by the company, were different for 2002 than for 2003 and 2004 . As a result, the age and the BW of the birds in population A were different from population B, B 1 , and C. The PCR-RFLP approach was used to type polymorphisms confirmed by DNA sequencing and cloning in broiler population. Due to lack of restriction sites in proximity to MC3R and MC4R gene poly-morphisms, primers designed were modified to create the restriction sites (Table 2) . For each polymorphism, we statistically evaluated the association with the production traits. The allele frequencies for each gene are listed in Table 4 .
Polymorphisms in avUCP Gene
The coding region (2.5 kb long) for the avian UCP (avUCP) gene that consisted of 6 exons was sequenced using DNA isolated from 12 broilers for whom individual feed conversion ratios had been determined. Bidirectional sequences from each exon were aligned and compared with the coding regions of the avUCP gene (GenBank Accession number: AF433170). The positions of all 23 polymorphisms that were identified are shown in Table 3 . Of the 23 polymorphisms in avUCP, 17 were SNP and the remaining 6 were insertion-deletions (indel) which included a 19 base pair deletion in intron 2 nucleotide (nt) position 1158-1177, a 4-bp deletion (nt position 1458-1461), and a 3-bp deletion in intron 3 (nt position 1506-1508), 2 single base pair deletion in intron 2 at position 749 and 829, and a deletion in intron 4. Of the 17 SNP in avUCP, 4 were located in coding exons (1 nonsynonymous and 3 synonymous), and 13 were located in the introns. A single nonsynonymous SNP was a C > T substitution at nt position 1270 in exon 3 replacing Ala > Val. The valine 
1 GenBank accession number for respective genes. 2 Deletion is denoted by "Del" and no deletion by "No del".
allele was found largely as a heterozygote. Heterozygosity of the Ala118Val polymorphism was confirmed by cloning and sequencing.
A PCR-RFLP test using HhaI restriction enzyme was designed to screen the UCP Ala118Val polymorphism. Figure 1 shows the electrophoretic gel pattern of the HhaI PCR-RFLP test where lanes 1 and 2 are Ala/Val heterozygotes with or without the 19-bp deletion, respectively. The recognition cut site for HhaI restriction enzyme (GCGC) is at the nt position 1270 (UCPAla118). An additional restriction cut site was created within the PCR-amplified region by t > C silent substitution for cysteine at nt position 1316 in exon 3 that produced the second band from the top as seen in Figure 1 for lane 1 and 2.
Sequencing results for 12 broilers were compared with sequences obtained from a White Leghorn (UCD 003), a Red Jungle Fowl (UCD 001), and the GenBank sequence (AF433170) for the native Chinese chicken. The 12 broilers sequenced were different from AF433170 at 10 positions (Table 5 ). Based on 12 base substitutions, 2 indels and a missense substitution at least 7 haplotypes were identified for the birds sequenced (Table 6) . Of the 12 broilers, 4 were found to be homozygous and defined 2 different sequences (i.e., haplotypes); the remaining birds were heterozygous (Table 7) . Haplotypes 5 and 7 were the most common type prevalent among the broilers sequenced.
Association of UCPAla118Val with Feed Conversion and Weight Gain
The UCP Val118 was found at an allele frequency of close to 0.1 in the populations that were screened (Table 4). Although no Val/Val homozygotes were found in population A, they were detected in the other populations (Table 8 ). The FCR and BW means were calculated for each UCP genotype (Ala/Ala, Val/Val, and Ala/ Val). In population A, FCR was higher (P = 0.03) in the heterozygote (UCPAla118Val) compared with the homozygote (UCP Ala118Ala) with a difference between the means of 0.1 or 20% of the entire phenotypic range of the FCR [total FCR range in population A was 0.44 (data not shown)]. Population B was a second group of elite line broilers from which FCR and weight gain for individual birds were determined. Body weights for the UCPVal118Val homozygote in population B were higher (P = 0.015) compared with either the Ala-Ala homozygote or the Ala-Val heterozygote in population B males (Table 8) . Although there were no differences in 7-wk BW, weight gain from 7 to 8 wk was higher (P = 0.053) in the UCPVal118Val compared with the Ala-Ala homozygote in population B 1 males. Similar to population B and B 1 , population C females with the UCPVal118Val homozygote had higher BW compared with the Ala-Ala homozygote. Unlike population A, no significant difference in UPCAla118Val haplotypes with respect to FCR was observed in males in population B 1 or in females (population C; Table 8 ).
Polymorphisms in Chicken MC3R and MC4R Genes
The entire nucleotide coding regions of MC3R and MC4R, each consisting of a single exon, were amplified using direct PCR from 6 broilers from population A. 3 Indicates the position of the 4-bp deletion. 4 No deletion is denoted by "−", and deletion is denoted by "+" or Del. Intron 1 398
1 GenBank accession number for avUCP. 2 The GenBank DNA sequence for avUCP AF43310 was designated as 1, White Leghorn (UCD 003) as 2, Red Junglefowl (UCD 001) as 3, and the nonsynonymous single nucleotide polymorphism-bearing haplotypes were numerically defined from 4 to 8.
3 No deletion is denoted by "−" and deletion is denoted by "+".
Sequences obtained from each gene were analyzed by alignment and comparison with the chicken MC3R and MC4R (GenBank accession numbers: AB017137 and AB012211, respectively). In the MC3R gene, 3 silent substitutions (i.e., a substitution of a base that causes no change in amino acid coding) in the coding region and 2 missense mutations were identified (Table 3) . The 2 SNP were Met54Leu and Gly104Ser. Met54leu resulted from A > C substitution at position 1035, and Gly104Ser resulted from G > A substitution at position 1185 in the MC3R genomic DNA sequence. The 3 silent substitutions included C > T at nt position 890, A > G at nt position 1424, and C > T at nt position 1439 in chicken MC3R genomic DNA sequence. For the MC4R gene, sequence analysis revealed 5 SNP (Table 3) . One SNP was located in the 5′ untranslated region of the MC4R gene, 75 bp upstream of the translation start site, and consisted of one A > C substitution at nt position 533 of chicken MC4R genomic DNA sequence (Table 3) . Two SNP were missense mutations Gln18His substituting G > C at nt position 662, and Ser76Leu substituting C > T at nt position 835 in chicken MC4R genomic DNA sequence. Two silent substitutions were identified which substituted G > T at nt position 923 and C > T at nt position 944 and a single A > G substitution in the 3′ flanking region at nt position 1638 of MC4R genomic DNA sequence.
Associations Between Polymorphisms in the MC3R, MC4R Genes, and Production Traits
Four novel SNP were typed in 825 individuals (population A, B, B 1 , C) and genotypic frequencies for MC4R is listed in Table 9 . No significant frequency change was found for MC3R Leu54 and MC4R Leu76 among any of the populations (data not shown). The MC3R Gly104Ser heterozygote had better feed conversion (P = 0.03) compared with the Gly-Gly homozygote in population A (Table 9) . No Ser-Ser homozygote was detected in population A. The MC3R Gly104Ser heterozygote in population B males was also significantly associated with heavier BW (P = 0.007) by 80 g compared with the Gly-Gly homozygote.
Relationship of the MC4R Ser76Leu allele with production traits is shown in Table 9 . In population C females, the MC4R Leu76Leu homozygotes were heavier (P = 0.05) than either the Ser76Ser homozygote or the Ser76Leu heterozygote. No differences were observed between the MC4RSer76Leu alleles in population A, B, or B 1 (Table 9) .
Polymorphisms in Avian POMC Gene
The entire nucleotide coding region of POMC gene consisting of 2 exons from 6 broilers was PCR amplified. Sequences obtained were analyzed by alignment and comparison with the POMC GeneBank gene sequence (AB019555). Alignment of the sequences obtained with the chicken POMC gene revealed 12 SNP and a single 2-bp substitution (Table 3) . A silent substitution, t > C, was identified in exon 1 at nt position 2291 in the chicken POMC genomic DNA. Six SNP and a 2-bp substitution were located in intron 1. In intron 1, the 2-bp substitution was CT > GG substitution at position 2381; a C > A substitution was at nt position 2385, a C > G substitution at nt position 2467, a G > C at position 2480, and a G > A at nt position 2499 of chicken POMC genomic DNA. At nt position 2475 in the POMC gene sequence, C was found to be substituted with A or G. In exon 2, silent substitutions A > G at nt position 3198, t > C at nt position 3549, C > T at nt position 3552, and C > T at nt position 3774 of the chicken POMC genomic DNA sequence were identified. Besides the silent substitutions in exon 2, a missense polymorphism Pro61Leu associated with the SmaI RFLP was identified at nt position 3236 of the GenBank sequence AB019555 resulting from C > T substitution.
Association of POMC Pro61Leu with Feed Efficiency and Production Traits
Genotypic allele frequencies for a novel Pro61Leu SNP typed in all 825 broilers in the pedigreed line in each group (population A, B, B 1 , and C) are shown in Table 8 . No significant differences of this polymorphism with either production trait was detected in males or females in this study. Allele frequencies were found to be closely similar in males in population.
DISCUSSION
Energy homeostasis and BW are regulated by coordinated actions of multiple genes. Using a candidate gene approach we identified multiple SNP in the form of transitions, transversions, insertion/deletion (indel), Means in a row within a population with no common superscript differ significantly (P < 0.05).
1 P-value < 0.05 considered significant.
2
Refer to materials and methods section for description on populations A, B, B 1 , and C.
3
Number of birds with each genotype in respective populations A through C.
4
Genotypic frequencies in each population.
5
Values represent feed conversion ratio ± SEM. Means in a row within a population with no common superscript differ significantly (P < 0.05).
2
4
5
Values represent feed conversion ratio ± SEM.
and base substitutions in the introns and exons of the genes in broilers from a commercial line. The SNP in the exons included synonymous and nonsynonymous polymorphisms. At any given position in a DNA sequence, a nucleotide can be substituted by any of the 4 nucleotide bases and may result in biallelic SNP. This occurs due to the low substitution rate of single nucleotides, estimated to be between 1 × 10 −9 and 5 × 10
per nucleotide per year at neutral positions in mammals (Vignal et al., 2002) . Based on these numbers, the probability of 2 independent base changes occurring at a single position is very low (Vignal et al., 2002) . In the POMC gene consisting of a single intron, at nucleotide (nt) position 2475 in the intron, we identified substitution of C either with A or G. The site of this substitution is present in the middle of the intron, and its functional implication is unknown. Of the economically significant traits, improvements in BW can be achieved through mass selection whereas feed conversion is relatively more difficult to improve. Selecting for BW has been suggested as an effective method of indirectly improving FCR. In modern broiler breeding operations, the selection for improved FCR is a multi-stage process and is based on predefined traits, whereby individuals are primarily selected for higher growth and improved conformation from which only the best of all the individuals are chosen for FCR testing. In general, due to impracticability of measurements of FCR on the entire population selection procedures are developed which measure FCR on a sample of the population (Skinner-Noble and Teeter, 2004) . Population B in our study belonged to a larger group of individuals from which the smaller population B 1 was selected for FCR testing. Population A and C are a subset of individuals selected from 2 other larger population for FCR evaluation. Our aim to screen such populations was primarily to compare the allelic distribution within the populations and determine association with production traits so as to generate tests for enhancement of the production traits based on marker-based selection.
Gene polymorphisms can be used for improvement of the production traits by genetic selection, if the allelic association with the traits be determined. Six significant associations (P < 0.05), 2 each for UCP, MC3R, and MC4R, were observed with production traits in this study (Tables 8 and 9) .
A large variation in UCP gene sequences in the studied population was found to reside in the first half of the gene. The differential gel pattern (Figure 1 ) that was obtained encouraged us to sequence the DNA having the distinct alleles; this is primarily the reason we found multiple alleles in the small number of birds that were sequenced. Allelic associations were used to define the haplotypic patterns. Based on the polymorphisms, at least 7 haplotypes are inferred to exist in the group of 12 birds sequenced.
In the present study, a missense polymorphism identified in the avUCP gene at Ala118Val can be predicted to occur in the transmembrane region of the second domain close to the mitochondrial inner membrane space, based on the UCP1 structure from hamster BAT (Klingenberg and Huang, 1999) . In cattle in which residual feed intake was determined as an index of feed efficiency, there were no differences in mRNA expression of UCP2 and UCP3 in the longisimus lumborum muscle of steers with low or high residual feed intake (Kolath et al. 2006) . However, mRNA expression was marginally higher (P < 0.07) in breast muscle of broilers with low feed efficiency compared with those with high feed efficiency (Ojano-Dirain et al., 2007) . Whether the differences between the study by Kolath et al. (2006) and Ojano-Dirain et al. (2007) were due to species differences or tissue differences (red vs. white muscle) remains to be determined. The various biological functions of avUCP are not known in detail, and based on the localization and nature of the codon avUCP118 variant, it is difficult to predict if the encoded protein change may cause defects in the functionality of the avUCP. Structural-functional studies are thus needed to elaborate on the effect of the UCP AlaVal118 variant on UCP's protein structure as well as function.
In a highly selected commercial population, changes in the allele and genotypic frequencies between generations may result from the net reproductive success of the individuals selected as breeding stock with the different genotypes and the selection norms adopted by the breeder. At least 7 alleles of the avUCP gene were found to be segregating in this closed pedigree population. Although genetic correlations indicate an advantage of the UCPVal118 allele in the population with respect to FCR and BW, the allele was found at a low constant frequency of 0.1. This could indicate that there may be a problem of the viability and the survival capabilities of individuals with this allele. Nonetheless, the associations from the current study may be relevant because UCP is associated with obesity phenotype in humans.
It has been reported in the literature that variability in GPCR genes are more than for the nonGPCR genes. Additionally, it has been found that ~38% of SNP were in transmembrane regions (Balasubramanian et al., 2005) . In another study by (Lee et al., 2003) on the distribution of SNP among the various domains of GPCR (i.e., transmembrane, extracellular, and intracellular regions), variations leading to genetic or metabolic diseases were overexpressed in the transmembrane regions, whereas non-disease-causing variations were less common in transmembrane regions. The 2 missense mutations in MC3R that were identified in this study, the -Met54Leu and Gly104Ser, are predicted to lie within the transmembrane region based on the MC1R structure (Lu et al., 1998) . Based on the findings of Lee et al. (2003) , it is possible that the missense polymorphism of MC3R in the present study might be hypothesized to also be a disease-causing variation.
With regard to the polymorphism in MC4R gene, the MC4R Gln18His position would lie in the N-terminal extracellular region and MC4R Ser76Leu would be in the first intracellular loop. The amino acid at position 18 in MC4R is located within N-terminal domain. This domain is associated with constitutive activity of MC4R, and loss of function of MC4R is associated with obesity in humans (Srinivasan et al., 2004) . The human MC4R has an arginine located at amino acid position 18, and substitution with histidine at this location is associated with obesity (Srinivasan et al., 2004) . Unlike humans, chickens have glutamine at amino acid position 18 in MC4R. Although we identified a missense mutation at this position that substituted glutamine with histidine, we did not genotype this polymorphism on our population (Table 3) . But further studies are required to characterize the relationship of this missense mutation on growth performance traits in broilers.
The MC4R Ser76Leu falls at a position at which a similar amino acid change from serine to leucine in MC1R of the tobacco mouse produces an MC1R receptor that is overactive (Cone et al., 1996) . Functionally MC1R is associated with regulation of skin pigmentation, animal coat coloration, and melanocyte function (Holder and Haskell-Luevano, 2004) . Hyperactivation of MC1R receptor effects a greater activation of adenylyl cylase elevating the intracellular cAMP than the wild type receptor (Robbins et al., 1993) . Because MC1R and MC4R share structural similarity (Cone et al., 1996) , it is reasonable to hypothesize that a similar functional consequence may be possible for MC4R. The Ser76Leu polymorphism in MC4R could be hypothesized to result in a constitutively active receptor, increased maximal stimulation of the adenylyl cyclase, or both, affecting its downstream events.
It is possible that certain polymorphisms of MC3R may be associated with higher BW or improved feed conversion in males. For example, the MC3R Gly104Ser was found to have significantly better feed conversion (population A) or BW (population B) compared with broilers expressing the MC3R Gly104Gly homozygote (Table 9 ). The allelic frequency of MC3R Ser104Ser in population B 1 was found to be significantly higher compared with population A (P = 0.001). Because the allelic frequency of MC3RSer was also higher in male broilers in population B 1 (P = 0.02) compared with population B (the larger group from which B 1 birds were selected from), these findings suggest that superior growth and feed conversion may be associated with higher MC3R Ser104Ser frequency. In contrast, MC4R Leu76 homozygote was associated with higher BW in female population C. The above associations of MC3R and MC4R polymorphisms seem to be based on sex based differences.
Variable association of the SNP in MC3R and MC4R in our study with feed conversion and BW, respectively, indicate that these genes could be involved in the energy balance in chickens, although a cause/effect link of the mutation with the physical phenotype can only be provided by functionally characterizing the mutations in these genes.
The POMC genes in human and mice have been associated with regulation of food intake and obesity (Yang and Harmon, 2003) . The Pro61Leu missense mutation detected in this study is at position 3236 in exon 2, which is a highly conserved position in several different species as shown in Figure 2 for several consensus sequences. In the present study, Pro/Leu heterozygote in female broilers (population C) were found to be weigh more in comparision to Pro/Pro homozygote (P = 0.1). No significant association of this polymorphism with feed efficiency was detected either in males or females in the present study. The genotypic and allele frequencies were found to be closely similar over the years in male population.
Associations between feed efficiency, weight gain, or BW with UCP Ala118Val, MC3R-Gly104Ser, and MC4R-Ser76Leu polymorphisms is significant because these genes are involved in the weight balance in rodents and humans and only limited SNP data are available for genes involved in energy homeostasis in poultry. The lack of significant associations between POMC Pro61Leu polymorphisms with broiler production traits in the present study is similar to observations in mammals where no consistent association of common polymorphisms in POMC with adiposity have been reported (Challis et al., 2002; Krude et al., 2003) . The variable associations of the identified polymorphisms may be a result of the differences in the population characteristics, sex, or both, indicating that the selection criteria may influence the production trait associations. This should be taken into consideration while selecting for the desired production traits. Additional studies are required to expand the genetic, physiological, behavioral aspects involved in feed intake, digestion, and metabolism. The genomic diversity also has important implications in the evolutionary dynamics of species. Investigations of polymorphisms are useful for better understanding of the gene function, and those associated with commercially significant production traits have a potential for usage as molecular markers for selection programs. In summary, the identified polymorphisms and their associations with the traits of economic importance in the present study provides greater insight into the role of 4 genes involved in energy balance in poultry (i.e., POMC, MC3R, MC4R, and UCP) and points toward the potential application of the findings for the enhancement of production traits by marker assisted selection.
